Neurocysticercosis (NCC) is a helminth infection affecting the central nervous system caused by the larval stage (cysticercus) of Taenia solium. Since vascular alteration and blood-brain barrier (BBB) disruption contribute to NCC pathology, it is postulated that angiogenesis could contribute to the pathology of this disease. This study used a rat model for NCC and evaluated the expression of two angiogenic factors called vascular endothelial growth factor (VEGF-A) and fibroblast growth factor (FGF2). Also, two markers for BBB disruption, the endothelial barrier antigen and immunoglobulin G, were evaluated using immunohistochemical and immunofluorescence techniques. Brain vasculature changes, BBB disruption, and overexpression of angiogenesis markers surrounding viable cysts were observed. Both VEGF-A and FGF2 were overexpressed in the tissue surrounding the cysticerci, and VEGF-A was overexpressed in astrocytes. Vessels showed decreased immunoreactivity to endothelial barrier antigen marker and an extensive staining for IgG was found in the tissues surrounding the cysts. Additionally, an endothelial cell tube formation assay using human umbilical vein endothelial cells showed that excretory and secretory antigens of T. solium cysticerci induce the formation of these tubes. This in vitro model supports the hypothesis that angiogenesis in NCC might be caused by the parasite itself, as opposed to the host inflammatory responses alone. In conclusion, brain vasculature changes, BBB disruption, and overexpression of angiogenesis markers surrounding viable cysts were observed. This study also demonstrates that cysticerci excretory-secretory processes alone can stimulate angiogenesis.
| INTRODUC TI ON
Neurocysticercosis (NCC) is the most common helminth infection affecting the central nervous system (CNS) (de Aluja, González, Rodríguez Carbajal, & Flisser, 1989; Escobar, Aruffo, Cruz-Sánchez, & Cervos-Navarro, 1985) . While pigs are the natural host of Taenia solium cysticerci, humans may be accidentally infected following ingestion of T. solium eggs, which subsequently develop into cysticerci (Escobar et al., 1985; Nash & Garcia, 2011) . Symptomatic NCC patients present with epilepsy as the main clinical manifestation. In developing countries where T. solium is endemic and pigs are raised freely (Garcia & Del Brutto, 2005) , 29% of adult cases of epilepsy are due to NCC (Ndimubanzi et al., 2010) .
The study of biopsies in NCC patients and the use of animal models have established that the pathology varies according to the number, location, and viability of the cysticerci (Chandy et al., 1989; Guerra-Giraldez et al., 2013; Marzal et al., 2014) . The use of imaging techniques such as magnetic resonance imaging and computerized tomography have allowed for the identification of inflammatory reactions and the grade of cysticerci degeneration (Del Brutto, 2015; Shetty, Avabratha, & Rai, 2014) . However, such techniques, do not provide information about either physiological or molecular changes in the disease. Pathological characteristics of NCC in humans and pigs include the presence of inflammatory cells, fibrosis, gliosis, and blood-brain barrier (BBB) disruption surrounding the parasite (Alvarez, Londoño et al., 2002; Marzal et al., 2014; Restrepo et al., 2001; Sikasunge, Johansen, Phiri, Willingham, & Leifsson, 2009 ).
Angiogenesis and disruption of the BBB could contribute to the pathogenesis of NCC in humans (Restrepo et al., 2001) . Vascular alteration, occlusion, and thickness of vessels have been reported in postmortem samples of patients (Del Brutto, 1992) , while BBB disruption in pigs with NCC has also been observed (Marzal et al., 2014) . Studies have shown that BBB disruption and extravasation of serum proteins into the cerebral parenchyma promotes epileptogenesis (Bar-Klein et al., 2014; Ivens et al., 2007) , a major symptom of NCC. Furthermore, vascular alterations, angiogenesis, and BBB disruption are present in various chronic disorders of the CNS, such as stroke, ischemia, Parkinson's disease, and Alzheimer's disease (Carmeliet, 2003) . It is interesting to note that, according to one study, the degree of such cerebrovascular changes present in CNS disorders is correlated with prognosis. That is, the greater the cerebrovascular alteration, the worse the prognosis (Renú et al., 2015) .
How these changes contribute to NCC pathology and prognosis, specifically, is still unknown.
Animal models, including rodents, pigs, and monkeys have been developed to study the pathology of NCC (Arora et al., 2017) .
Although rodent models are the most commonly used, none have been successful in infecting rodent brains with T. solium cysticerci (Alvarez, Mishra, Gundra, Mishra, & Teale, 2010; Matos-Silva et al., 2012) . In this study, however, we used a recently published rat model for NCC (rNCC) in which rats were successfully infected through intracranial inoculation of activated T. solium oncospheres (Verastegui et al., 2015) . The cysts that develop using this model have the same morphological characteristics and similar basic pathological responses, i.e., presence of fibrotic tissue encapsulating the cyst, gliosis and cellular infiltrates, as found in human NCC. Thus, we used this model to explore angiogenic and BBB disruption in 
| MATERIAL S AND ME THODS
The Universidad Peruana Cayetano Heredia guidelines for care and use of animals were used to conduct the experiments (IACUC number 64637).
| T. solium egg processing
Procedures were performed according to Verástegui et al. (2007) .
Briefly, T. solium eggs were washed 3 times with distilled water and centrifuged at 2,500 rpm RT for 5 min. To obtain oncospheres, the pellet was resuspended in 0.75% sodium hypochlorite solution and washed 3 times using RPMI medium. The oncospheres were then activated by incubation in artificial intestinal fluid for 45 min at 37°C, washed 3 times in RPMI medium, and counted in a Neubauer chamber.
| Animal infection
Holtzman rats, aged 12-15 days (P12-P15), were used as a model for NCC. Eighteen rats (11 males, 7 females) were injected Significance This study is focused on understanding the blood-brain barrier (BBB) alteration which occurs in Neurocysticercosis, the main cause of acquired epilepsy worldwide. We report a novel finding in the T. solium rat model of NCC the overexpression of angiogenic factors and BBB disruption surrounding the cyst. In addition, this study demonstrated that parasite product can induce angiogenesis by endothelial cell tube formation in vitro assay. These results show the effect of the T. solium cysticerci on alteration of the blood-brain barrier.
intracranially with 140 activated oncospheres resuspended in 50 ul of saline solution. Nine control rats (4 female, 5 males) received only saline, and their brains were used as control regions for all the comparisons. The intracranial injection was performed using tuberculin syringes and a 25-gauge needle, inserted 2 mm deep in the anterior fontanelle (bregma). This method circumvented parenchymal damage (Verastegui et al., 2015) . Animals were anesthetized before the injection using Ketamine (80 mg/kg) and Xylazine (5 mg/kg); the absence of pedal reflex was checked to determine proper anesthesia. Rats were fed ad libitum in 12 hr of a light and dark cycle at the UPCH animal care facility. Area of intracranial injection was monitored daily for one week by visual inspection; no changes were observed.
| Tissue processing
Female (280-320 g) and male rats (400-450 g) were euthanized and sacrificed after six months of infection using an overdose of 
| Immunohistochemistry (IHC)
The paraffin sections were heated in an oven at 56°C, immersed in xylene, and rehydrated in a decreasing battery of alcohols. The sections were then unmasked using a different method for each marker employed (Table S1 ). Next, the sections were washed with PBS and endogenous peroxidase activity was blocked by the addition of 3% hydrogen peroxide for 30 min. After incubation for 1 hr in protein blocking solution, the slices were incubated with their respective primary antibody (Anti-VEGF-A, Anti-FGF2, Anti-EBA, Rat Anti-IgG). The slices were then washed and incubated with their respective secondary antibody. In cases where biotin-labeled secondary antibody was employed, the slices were washed and incubated in streptavidin HRP-labeled solution. Sections were revealed using diaminobenzidine (DAB, Dako) solution, counterstained with hematoxylin, and mounted in Entellan solution (MERCK).
| Immunofluorescence
Thirty µm cryostat sections were used for confocal imaging Finally, sections were mounted using ProLong® Gold Antifade Mountant with DAPI.
| Image acquisition and tissue analysis
IHC imaging was performed using an Axiocam ERc5 camera coupled to a Zeiss Axio Lab.A1 microscope. 6 images of the tissue closely surrounding the cyst were acquired. Cysticerci were classified according to Cangalaya et al. (2003) 
| In vitro model of angiogenesis
Antigen preparation. Excretory-secretory (E/S) antigens were collected from a culture of cysticerci. That is, viable cysticerci were obtained from muscles of an infected pig, placed in Vascular Cell Basal Medium for 24 hr, and the supernatant collected (E/S antigens).
Protein concentration was measured using the Bradford assay and 25 μg/ml of E/S antigens were used in the tube formation assay. The antigen concentration used was based on previous results where E/S antigens induced cytokine production in human PBMC (unpublished data). 
| Statistical analysis
All exploratory and statistical data analyses were performed using 
| RE SULTS

| Fibrosis and fibrotic vessels surround cysticercus in NCC model
Thirteen of the 18 inoculated rats (8 males and 5 females) developed cysts (72.2% rate of infection). All of the cysts showed intact teguments and angiogenic vessels and were considered viable. We had previously reported the presence of angiogenic vessels (22), but
here were able to demonstrate three different types of vessel alterations. We observed dilated vessels without fibrosis, dilated vessels with perivascular fibrosis, and sclerotic vessels containing a dense layer of fibrotic tissue demonstrated by trichrome Masson staining ( Figure 1 ). The cysts were classified according to their location. 11 cysts were considered parenchymal, 8 were considered corticomeningeal, and 8 were considered ventricular (Table S2) . Vessel alterations were present in all cyst locations. 
| BBB disruption in NCC model
In control brains, the immune reaction to IgG was absent in the cerebral parenchyma and minimal in the meninges (Figure 4a , i-ii).
Moreover, the lumen of certain blood vessels showed immune reactivity to IgG without extravasation to the parenchyma. In the ventricles, the presence of IgG was found in the choroid plexus. However, n circumventricular regions, the IgG immunoreactivity was nearly absent. Infected brains had strong immunoreactivity surrounding the parasite, and a statistically significant difference was found in parenchymal, corticomeningeal, and ventricular cysts compared to their control regions (Mann-Whitney U test z = 3.551, p < 0.001, z = 3.240, p = 0.001, z = 2.089, p = 0.037, respectively; Figure 4a , iiiiv; Table S3 ). When comparing immune reactivity between the different cyst locations, parenchymal cysts had the strongest reaction. 
| Extension and co-distribution of angiogenic markers and EBA
Our results showed that parenchymal and corticomeningeal cysts shared similar cellular responses for all the markers studied. To 
| Cysticercus antigens induce tube formation in an in vitro model for angiogenesis
The Matrix based tube formation assay using HUVEC cells showed network development when incubated with basal media and either E/S cysticercus antigens or VEGF recombinant protein (Figure 7 ).
No network formation was observed when only basal media was added to the HUVEC culture (control). The number of branches was quantified and a statistically significant difference was found when comparing both E/S antigens and VEGF to the control (MannWhitney U test z = −1.964, p < 0.050 for both cases). No statistically significant differences were found between E/S and VEGF (Figure 7 ).
| D ISCUSS I ON
This study demonstrated brain vasculature changes, BBB disruption, and overexpression of angiogenesis markers surrounding viable cysts in intracranially inoculated rats. Changes in brain vasculature showed fibrosis and possible dysfunction in vessels surrounding the cysts. VEGF-A and FGF2, used for angiogenesis evaluation, were overexpressed in the tissue surrounding T. solium cysticerci, and their expression varied depending on the location of the parasite.
Moreover, VEGF-A overexpression was associated with astrocytes, reflecting the possible importance of this cell's role in NCC pathology. In vitro assays also revealed that cysticercus antigens were able to induce angiogenesis. BBB evaluation showed that most of the cysticerci were associated with some degree of BBB alteration.
Since only viable cysts were evaluated, this study indicates that BBB disruption begins even before a viable cyst starts degenerating, which potentially contributes to NCC pathogenesis (Figure 7 ). vitro studies have shown that it increases the proliferation and mobility of astrocytes (Mani, Khaibullina, Krum, & Rosenstein, 2005) .
VEGF-A is also the principal protein which induces angiogenesis (Rosenstein, Mani, Silverman, & Krum, 1998) and its overexpression has been associated with many neuropathologies. However, the contribution of this protein to the pathology of NCC has not yet been studied. Studies in temporal lobe epilepsy have shown that angiogenesis is associated with BBB disruption (Rigau et al., 2007) , so studying this association in NCC patients with epilepsy could be important.
FGF2 is a potent neurotrophic (Gómez-Pinilla, Lee, & Cotman, 1992 ) and angiogenic factor (Giavazzi et al., 2003) . It is expressed in many cell types within the brain, including astrocytes, capillary endothelial cells, pericytes, and neurons (Araujo & Cotman, 1992; Baird & Walicke, 1989) . In addition, FGF2 is a potent mitogenic factor and regulates proliferation of astrocytes (Gómez-Pinilla, Vu, & Cotman, 1995) . Its overexpression found around the cysticerci could explain the marked presence of gliosis, fibrogenesis, and angiogenesis in NCC (Liu, Yang, & Chen, 1994) . FGF2 overexpression has been reported in cerebral vessels in NCC patients with granulomas (Alvarez, Colegial et al., 2002) . Our study found FGF2 overexpression in fibrotic tissue and areas of gliosis. Studies in brain tissue of epilepsy patients showed FGF2 overexpression (Sugiura et al., 2008) , which increases the excitability and hence susceptibility to seizures, and which also helps to prevent cell death (Zucchini et al., 2008) . Therefore, the FGF2 changes demonstrated in this study could promote future studies into the contribution of FGF2 to epileptogenesis in NCC.
In inflammatory processes, angiogenesis is initiated by different cell populations, such as macrophages, mast cells, fibroblasts, and endothelial cells (Granger & Senchenkova, 2010; Imhof & AurrandLions, 2006) . These cells produce angiogenic factors such as VEGF, FGF, platelet derived growth factor, and tumor necrosis factor alpha, among others. Therefore, it is necessary to establish whether there is an association between the inflammation found in NCC and the expression of the angiogenic markers reported in this study (Lingen, 2001) . NCC is a chronic disease and recent studies indicate that angiogenesis accompanied by chronic inflammation tends to intensify and prolong the immune response (Granger & Senchenkova, 2010; Koutroubakis, Tsiolakidou, Karmiris, & Kouroumalis, 2006 (Marzal et al., 2014) . Nonetheless, our findings used the IHC staining approach and indicate BBB dysfunction rather than protein extravasation (Pelz et al., 2013) . Even though EBA staining results showed alteration in most of the evaluated cysticerci and
Evans blue showed alteration in only a few, it is known that both methods are able to detect different levels of BBB dysfunction (Pelz et al., 2013; Saubaméa, Cochois-Guégan, Cisternino, & Scherrmann, 2012) . Evans blue staining demonstrates protein extravasation, whereas EBA is a group of different proteins with an unclear role in BBB maintenance. EBA proteins down regulation has been correlated with BBB dysfunction in different models and diseases.
Even though we tested fibrinogen extravasation here, its staining indicates that it is sparsely present in the fibrotic tissue, possibly because there is not enough BBB dysfunction at this level of the disease to allow large proteins such as fibrinogen (340 KDa) to move across the BBB and into the brain parenchyma (Wilhelm, Nyúl-Tóth, Suciu, Hermenean, & Krizbai, 2016) .
In parenchymal and corticomeningeal cysts, our results demon- (Del Bigio, 2010) . Additionally, the presence of cerebrospinal fluid could cause parasite antigens to be diluted, which, in turn, could prevent an immune response from being elicited around the ventricles (Lun, Monuki, & Lehtinen, 2015; Xie et al., 2013) . Lastly, host-parasite physical contact could mediate injuries in corticomeningeal and parenchymal cysts, but not in ventricular cysts.
Parasites use different pathways to promote their survival and to evade host responses. Helminth antigens have been identified as molecules that promote angiogenesis. For example, beta-thymosin that is present in Trichinella spiralis (Kang et al., 2012; Ock & Cha, 2013) and various antigens found in the eggs of Schistosoma mansoni have been observed to induce angiogenesis (Kanse et al., 2005) . It is hypothesized that helminths can promote angiogenesis via two possible mechanisms: by acting directly in vessels, or, by mediating a proangiogenic response in tissues (Dennis, Schubert, & Bauer, 2011) . In this study, novel findings are reported which show that cysticerci can induce tube formation in endothelial cells in vitro. This suggests that the cysticercus can directly affect brain vasculature by inducing angiogenesis, as opposed to only activating proangiogenic mechanisms in tissue.
In conclusion, the present study shows that VEGF-A and FGF2
are overexpressed in NCC and that cysticerci antigens can induce angiogenesis. Due to the large roles played by VEGF-A and FGF2
in the processes of cell survival, proliferation, and inflammation, and because of their association with different pathologies of the central nervous system, such as epilepsy, studies of these growth factors could be used to understand the pathology and symptoms found in human NCC.
